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Introduction 


For  a  load  rating  analysis  of  a  bridge,  one  needs  to  know  the  maximum 
bending  moment  and  shear  force  induced  in  the  beams  or  girders  of  the  bridge  by 
the  vehicular  loads.  These  maximum  load  effects  can  be  calculated  by  any  of  the 
rigorous  analytical  procedures  such  as  grillage  method,  finite  element  method, 
finite  strip  method,  or  harmonic  analysis  approach.  These  rigorous  methods  are 
accurate  but  very  ciunbersome  to  use  on  a  day-to-day  basis.  For  a  quick  estimate 
of  the  maximum  load  effects  that  include  the  lateral  load  distribution  character¬ 
istics  of  the  deck  slab  and  girder  systems,  AASHTO  (1996)  has  prescribed 
simple  formulas  for  lateral  load  distribution  factors  for  civilian  vehicle  loads. 

The  distribution  factor  is  used  as  a  multiplier  to  the  bending  moment  and  shear 
force,  calculated  for  the  entire  vehicle  load  applied  to  the  girder  as  a  line  load,  to 
obtain  the  design  values  of  the  bending  moment  and  shear  force.  The  distribution 
factor  depends  upon  the  relative  stiffaess  characteristics  of  the  deck-slab  and 
supporting  girders,  and  of  course,  on  the  loading  pattern  of  the  vehicle  on  bridge. 

The  load  distribution  factors  prescribed  in  the  AASHTO  Standard 
Specifications  (1996)  and  AASHTO  Guide  Specifications  for  Distribution  of 
Loads  for  Highway  Bridges  (1994)  were  primarily  developed  for  civilian 
highway  traffic  (Zokai,  Osterkemp,  and  Imbsen  1991).  The  vehicle  considered 
for  the  development  of  these  formulas  was  an  HS-20  truck  with  only  two  sets  of 
wheel  line  loads.  However,  some  military  vehicles  have  more  than  two  sets  of 
wheel  line  loads,  with  axle  loads  different  fi’om  those  of  an  HS-20  truck.  In 
addition,  the  load  distribution  patterns  of  the  tracked  military  vehicle  are  quite 
different  from  that  of  an  HS-20  truck.  These  different  loading  characteristics  of 
military  vehicles  are  likely  to  cause  different  distributions  of  bending  moments 
and  shear  forces  in  a  bridge  than  those  caused  by  an  HS-20  vehicle.  The  use  of 
the  distribution  factors  based  on  the  civilian  vehicles,  as  is  often  done  for 
convenience,  could  provide  an  over  or  under  estimation  of  the  load  effects 
(bending  moment  and  shear  forces)  fi'om  military  vehicles.  If  the  forces  caused 
by  the  military  vehicles  are  over  estimated,  it  might  unnecessarily  restrict  the 
usage  of  a  quite  safe  bridge  by  the  military  vehicles.  On  the  other  hand,  if  the 
forces  are  imderestimated,  then  it  might  also  permit  the  use  of  a  weak  bridge  by  a 
heavy  military  vehicle.  It  is,  therefore,  desirable  to  obtain  more  realistic 
distribution  factors  to  be  applied  to  military  loading  to  estimate  their  load  effects 
on  the  beams  and  girders  of  multi-girder  bridge  systems.  Therefore,  the  work 
described  herein  was  accomplished  to  develop  simplified  lateral  load  distribution 
factors  for  cormnonly  used  U.S.  military  vehicles. 
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The  study  considered  six  different  types  of  military  vehicles,  three  of  which 
were  wheeled  vehicles  and  the  other  three  were  tracked  vehicles.  The  bridge 
database  used  for  developing  AASHTO  distribution  factor  formulas  was  also 
used  in  this  study.  The  focus  of  this  study  was  to  develop  the  distribution  factor 
formulas  for  three  different  types  of  bridges:  steel  girder,  prestressed  concrete, 
and  concrete  T-beam. 

The  bridges  in  each  category  were  analyzed  for  the  six  types  of  military 
vehicles  by  the  harmonic  decomposition  approach  to  calculate  the  distribution 
factors.  The  numerically  calculated  distribution  factor  values  were  then 
processed  to  generic  develop  formulas  for  the  distribution  factors.  The 
distribution  factors  formulas  are  expressed  in  terms  of  non  dimensional 
parameters  related  to  girder  spacing,  girder  moment  of  inertia,  bridge  span,  and 
deck-slab  thickness. 

The  report  provides  a  total  of  52  new  formulas  for  different  types  of  vehicles, 
different  types  of  bridges,  bending  moment  and  shear  force  values,  interior  and 
exterior  girders,  and  for  single-  and  multiple-lane  loading  cases.  The  distribution 
factors  calculated  with  the  formulas  are  compared  with  those  calculated  by  direct 
analyses  of  the  bridges  to  evaluate  the  accuracy  of  the  proposed  formulas. 
Comparisons  are  also  made  between  the  values  calculated  by  the  new  formulas, 
post-LRFD  formulas  prescribed  in  1996  AASHTO  Standard  Specification,  and 
simple  pre-LRFD  formulas  that  were  prescribed  by  AASHTO  before  1994. 
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2  Recent  Related  Studies 


The  topic  of  defining  the  lateral  load  distribution  factors  for  highway  bridges 
has  been  of  continued  research  interest  for  several  decades  and,  as  such,  there 
have  been  numerous  studies  in  the  past.  The  primary  motivation  behind  all  these 
studies  had  been  to  define  these  factors  in  as  simple  a  form  as  is  possible  to 
calculate  the  maximum  load  effect  in  the  load  carrying  members  of  a  bridge 
structure,  without  carrying  out  complicated  analysis  of  girder  and  deck  slab 
system. 

Earlier  studies  on  this  topic,  and  the  resulting  distribution  factor  formulas, 
were  limited  and  constrained  by  the  then  available  analytical  and  numerical 
capabilities.  Therefore,  in  the  late  eighties,  the  NCHRP  sponsored  a 
comprehensive  research  study  by  Zokai,  Osterkemp,  and  Imbsen  (1991)  to 
develop  more  accurate,  yet  simple,  formulas  to  defee  distribution  factors  for  the 
design  of  highway  bridges  in  the  United  States.  This  study  considered  a  large 
data  set  of  850  bridges  firom  18  different  states  in  the  country.  The  database 
included  five  different  types  of  bridges.  The  effect  of  skew  angle  and  that  of  the 
continuity  of  the  beams  over  the  supports  were  also  considered.  The  study 
primarily  considered  the  “AASHTO  HS  family”  of  trucks  as  the  vehicle  loads  in 
the  analysis.  In  our  opinion,  this  was  the  most  comprehensive  study  conducted 
so  far  on  the  lateral  load  distribution  factor  analysis.  The  study  led  to  new  and 
more  accurate  formulas  for  calculating  the  load  distribution  factors.  The 
formulas  were  expressed  as  functions  of  girder  spacing,  girder  span,  girder 
moment  of  inertia,  slab  thickness,  and  the  number  loaded  lanes.  The  study  also 
made  reconunendations  about  the  use  of  some  computer  programs  for  bridge 
analysis,  with  the  primary  focus  on  the  finite  element  and  grillage  methods. 

Although  the  above  study  indicated  that  the  proposed  distribution  factors 
were  insensitive  to  different  types  of  vehicle  loading  patterns,  this  conclusion 
was  not  based  on  any  study  with  military  vehicles,  which  are  very  different  fi’om 
the  standard  civilian  trucks.  To  address  the  issue  of  the  distribution  of  load 
effects  by  military  vehicles,  an  initial  study  was  sponsored  by  the  Military  Traffic 
Management  Conunand  and  the  Federal  Highway  Administration  Bridge 
Division.  The  intent  was  to  evaluate  a  series  of  bridges  in  New  Mexico  using  the 
New  Mexico  State  Highway  and  Transportation  Department  program  called 
OVLOAD.  The  study  examined  539  bridges  fi-om  the  National  Bridge  Inventory 
(NBI)  for  different  military  vehicle  including  the  HETS  (Heavy  Equipment 
Transporter  System).  It  was  observed  that  several  bridges  in  tWs  database  were 
not  passable  by  some  loaded  military  vehicles  including  HETS.  This  apparent 
deficiency  of  several  bridges  for  military  vehicles  was  attributed  to  incomplete 
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consideration  of  the  lateral  load  distribution  of  military  vehicles  by  the 
OVLOAD  program.  Therefore,  this  initial  study  was  followed  by  a  more 
comprehensive  study  started  in  October  1998  by  New  Mexico  State  University 
(NMSU). 

The  purpose  of  that  study  was  to  develop  a  more  accurate  computer  program 
to  quickly  evaluate  the  passability  of  the  bridges  in  the  NBI  database,  and  to 
verify  the  findings  with  the  field  test  on  a  few  selected  bridges.  The  HETS 
vehicle  was  the  primary  focus  of  this  study,  as  this  particular  vehicle  was 
observed  to  place  the  most  demand  on  the  bridge  systems.  This  NMSU  study 
used  a  computer  code  SECAN  to  calculate  the  bridge  response  (bending 
moments  and  shear  forces),  including  the  lateral  load  distribution  effect,  for  the 
HETS  loading.  This  computer  code  was  apparently  based  the  method  of 
harmonic  analysis  -  the  method  also  used  by  Singh,  Thangjithan,  and  Singh 
(1998)  in  the  sensitivity  study  discussed  herein.  The  analytically  calculated 
design  force  values  from  the  SECAN  program  were  validated  by  the  field  tests 
on  selected  bridges  in  Colorado  and  Texas.  This  analytical  method  was  then 
used  in  program  BROCK,  developed  to  provide  capacity  rating  factors  for  the 
bridges  in  the  NBI  database  to  assess  their  passability  for  HETS  vehicles.  The 
details  of  this  NMSU  study  are  provided  in  the  report  by  Minor  and  Woodward 
(2001). 
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3  Objectives 


The  general  objective  of  this  study  is  to  develop  a  simple  approach  to 
calculate  maximum  bending  moments  and  shear  forces  (load  effects)  caused  by 
military  vehicles  in  different  types  of  simply  supported  multi-girder  bridge 
systems.  These  load  effects  can  be  calculated  by  computer  programs  that  are 
now  available  for  bridge  system  analysis.  However,  the  intent  is  not  to  use  these 
programs  but  to  use  the  lateral  load  distribution  factors  to  provide  accurate  values 
of  the  load  effects  caused  by  militaiy  vehicles.  The  main  objective  of  this  study 
is,  therefore,  to  develop  simple  formulas  to  provide  accurate  values  of  the  lateral 
distribution  factors.  These  lateral  load  distribution  factors  can  then  be  used  with 
a  simple  beam  analysis  to  obtain  the  maximum  load  effect  in  the  girders  of  a 
bridge  system. 

The  load  distribution  factor  formulas  developed  in  this  study  are  similar  to 
those  prescribed  in  AASHTO  Standard  Specifications  (1996)  and  AASHTO 
Guide  Specifications  (1994).  The  formulas  define  the  distribution  factors  as 
functions  of  girder  spacing,  girder  span,  girder  moment  of  inertia,  and  slab 
thickness.  They  are  defined  separately  for  the  three  types  of  bridges  considered 
in  this  study.  General  formulas  that  can  be  used  with  all  bridges  are  also 
developed.  Formulas  both  for  the  bending  moment  and  shear  force,  in  the 
interior  and  exterior  girders,  are  provided  separately.  Specialized  formulas  are 
also  developed  separately  for  the  (1)  HETS  vehicles,  (2)  PLS  and  HEMMT 
vehicles,  (3)  Abrams  vehicles  and,  (4)  Ml  13  and  Bradley  vehicles.  These  easy- 
to-calculate  lateral  load  distribution  factors  are  intended  to  provide  a  quick, 
convenient,  and  acctirate  method  for  both  design  and  load  rating  analyses. 
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4  Methodology 


To  obtain  the  distribution  factor  formulas,  first  the  maximum  load  effects 
(bending  moments  and  shear  forces)  are  calculated  by  a  rigorous  analytical 
approach  for  the  six  different  types  of  military  vehicles  placed  on  three  different 
types  of  multi-beam  slab  bridge  systems.  The  analytical  approach  considers  the 
interaction  between  the  beam  girders  and  the  supporting  slab,  and  thus  provides 
accurate  values  of  the  maximum  load  effects  including  the  lateral  load 
distribution.  These  calculated  maximum  load  effect  values  are  divided  by  the 
corresponding  maximum  values  obtained  for  a  simply  supported  beam  loaded 
with  the  vehicle  load  applied  as  a  line  load  placed  directly  on  the  beam.  The 
calculated  load  distribution  factor  values  are  next  processed  by  SAS  package  to 
obtain  the  exponents  of  the  regression  equations.  The  regression  equations  are 
expressed  in  terms  of  non-dimensional  bridge  parameters  that  can  also  be 
established  by  similarity  analysis  (Douglas  1969).  These  factors  are  essentially 
the  same  as  in  the  NCHRP  study  by  Zokai,  Osterkemp,  and  Imbsen  (1991). 
Separate  “best  fif  ’  equations  are  developed  for  the  different  cases  of  (a)  three 
bridge  types  (steel  beam,  reinforced  concrete  T-beam  and  prestressed  concrete 
beam  bridges),  (b)  interior  and  exterior  girders,  and  (c)  single  lane  and  multiple 
lane  loading  patterns.  As  mentioned  earlier,  equations  have  also  been  developed 
separately  for  four  classes  of  military  vehicle  considered,  as  well  as  a  single 
equation  representing  all  military  vehicles. 
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5  Military  Vehicles 
Considered 


The  study  included  three  wheeled  military  vehicles:  the  Heavy  Equipment 
Transporter  System  (HETS)  loaded  with  the  Ml  A2  Main  Battle  Tank,  the 
Palletized  Load  System  (PLS)  with  M1076  trailer  at  maximum  load,  and  the 
Heavy  Expanded  Mobility  Tactical  Truck  (HEMTT)  with  Ml 076  trailer  at 
maximiim  load.  Three  tracked  vehicles  were  also  considered:  theM113-A2 
Armored  Personnel  Carrier  (Ml  13),  the  M2  Bradley  Infantry  Fighting  Vehicle 
(Bradley),  and  the  M1A2  Main  Battle  Tank  (Ml).  The  footprints  and  axle  loads 
for  each  of  these  six  vehicles  are  shown  in  Figures  1  through  6.  It  is  noted  that 
except  for  the  HETS  vehicle,  all  other  vehicles  have  only  two  wheel  lines  of 
loading.  The  trailer  for  the  HETS,  on  the  other  hand,  has  six  separate  wheel  lines 
of  loading.  The  computer  program  used  in  the  present  study  considers  the  actual 
footprint  of  the  vehicles  to  obtain  the  maximum  load  effect.  For  this  study,  the 
wheel  loads  were  applied  as  concentrated  loads. 

The  maximum  load  effects  in  a  girder  depend  upon  the  location  of  the 
vehicle  on  the  deck.  The  longitudinal  and  lateral  positions  of  the  vehicles 
corresponding  to  the  maximum  load  effect  were  obtained  by  varying  the  position 
in  small  increments  along  and  across  the  bridge.  Figure  7  shows  the  side-by-side 
locations  of  the  vehicle  on  the  bridge.  Figure  8  shows  the  variations  in  the 
bending  moments  and  shear  forces  in  different  girders  of  a  typical  five-girder 
steel  bridge  for  different  transverse  positions  of  the  vehicle  on  the  bridge.  For 
the  maximum  bending  effect  in  the  girders,  the  position  of  the  vehicle  dong  the 
bridge  was  essentially  the  same  as  for  a  simply  supported  beam  loaded  with  the 
vehicle  load  treated  as  a  line  load.  The  maximmn  bending  moment  occurred 
under  one  of  the  heavy  axles  when  the  axle  and  the  vehicle  centroid  were 
equidistant  from  the  two  opposite  end  supports.  This  longitudinal  position  for 
the  maximum  bending  effect  was,  thus,  different  for  each  vehicle  considered. 

The  maximmn  shear  forces  in  the  girders  were  usually  obtained  when  one  of  the 
vehicle’s  heavy  axles  (usually  the  last  axle)  was  on  or  next  to  the  rear  end 
support. 

The  exterior  girders  experienced  the  largest  load  effects  when  the  centroid  of 
the  vehicle  was  as  far  as  it  could  go  towards  the  girder  from  the  bridge  centerline. 
This  position  is  usually  dictated  by  the  position  of  the  curbs  with  respect  to  the 
position  of  the  exterior  girders.  Both  single  lane  and  multiple-lane-loading 
patterns  were  considered.  In  the  multiple-lane  loading  case,  the  outside  wheel 
lines  of  the  two  adjacent  vehicles  were  kept  4  ft  apart. 
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a.  Side  view 
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b.  Top  view 


Figure  1.  Configuration  of  HETS  vehicle  load  distribution 
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a.  Side  view 
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b.  Top  view 

Figure  2.  Configuration  of  PLS  vehicle  load  distribution 


Chapter  5  Military  Vehicles  Considered 


9 


a.  Side  view 
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b.  Top  view 

Figure  3.  Configuration  of  HEMTT  vehicle  load  distribution 
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a.  Side  view 


Axle  Spacing  (ft) 


b.  Top  view 


Figure  4.  Configuration  of  M1 13  Tracked  vehicle  load  distribution 
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a.  Side  view 
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b.  Top  view 


Figure  5.  Configuration  of  Abrams  tracked  vehicle  load  distribution 
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a.  Side  view 
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b.  Top  view 

Figure  6.  Configuration  of  Bradiey  tracked  vehicie  ioad  distribution 
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Origin 


Y-direction 


Figure  7.  Variation  of  vehicle  position  in  the  transverse  direction  to  obtain 
maximum  moment  and  shear  response 
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a.  Moment  Response 


b.  Shear  Response 


Figure  8.  Bending  moments  and  shear  forces  in  different  girders  calculated  by 
harmonic  analysis  approach  for  different  vehicle  locations  in  the 
transverse  direction 
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6  Types  of  Bridges 


This  study  focused  on  the  development  of  lateral  distribution  factor  formulas 
for  the  most  common  multi-girder  types  of  bridges  with  concrete  deck  slabs: 
steel  multi-girder  bridges,  reinforced  concrete  T-beam  bridges,  and  prestressed 
concrete  I-girder  bridges.  The  study  considered  the  same  database  of  bridges  as 
the  one  considered  by  Zokai,  Osterkemp,  and  Imbsen  (1991)  for  the  development 
of  distribution  factor  formulas  for  the  AASHTO.  The  same  database  was  also 
used  in  the  NMSU  study  (Minor  and  Woodward  2001)  for  the  HETS  passability 
analyses.  The  Zokai,  Osterkemp,  and  Imbsen(1991)  data  were  analyzed  by  the 
NMSU  team  to  define  typical  parameters  for  four  sets  of  “typical  bridges”,  which 
represented  the  populations  of  steel  multi-girder  bridges,  reinforced  concrete  T- 
beam  bridges,  prestressed  concrete  I-girder  bridges,  and  reinforced  concrete  slab 
bridges  in  the  database.  The  parameters  for  the  three  typical  bridge  types 
considered  herein  are  listed  in  Tables  1, 2  and  3.  The  equation  shown  in  Table  1 
was  obtained  by  the  NMSU  team  by  regression  analysis  of  the  Zokai,  Osterkemp, 
and  Imbsen  (1991)  database  and  is  used  to  define  the  moments  of  inertia  for  the 
typical  set  of  steel  bridges  for  each  set  of  span  and  beam  spacing  values  indicated 
in  the  table. 

Initially,  only  the  typical  bridges  discussed  above  were  analyzed  to  develop 
the  distribution  factor  formulas  herein.  The  distribution  factors  calculated  fi'om 
these  formulas  showed  a  very  good  fit  with  those  obtained  by  the  direct  analysis 
of  these  bridges.  However,  when  such  a  comparison  was  made  with  the  actual 
bridges  in  the  Zokai,  Osterkemp,  and  Imbsen  (1991)  database,  the  fits  were  not  as 
good  for  the  steel  and  prestressed  concrete  I-girder  bridges.  This  prompted  the 
inclusion  of  the  actual  bridges  with  the  typical  bridges  in  the  analysis  to  develop 
new  formulas  for  the  distribution  factors  for  the  steel  and  prestressed  concrete  I- 
girder  bridges.  Inclusion  of  actual  bridges  was  not  required  for  the  T-beam 
concrete  bridges  as  it  did  not  significantly  affect  the  results.  This  comparison  of 
the  results  is  discussed  in  a  later  section  of  the  report. 
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Table  1 

Moments  of  Inertia,  I  (in^)  of  Typical  Steel  Girder  Bridges  in  the 

NMSU  Study 

Span,  ft 

Beam  Spacings,  ft  | 

4 

5 

6 

7 

8 

50 

3,842 

4,620 

5,556 

6,682 

8,035 

70 

5,864 

7,052 

8,480 

10,198 

12,264 

90 

8,950 

10,763 

12,943 

15,565 

18,718 

110 

13,659 

16,426 

19,754 

23,756 

28,568 

130 

20,848 

25,071 

30,150 

36,258 

43,603 

140 

25,756 

30,973 

37,248 

44,793 

53,868 

#  of  beams 

7 

6 

5 

5 

4 

Note:  Slab  thickness  varies  from  7  to  9  in. 
New  Mexico  University  state: 

Ln  (I)  =  6.4588  +  0.021 141  L  +  0.184468  S 
Where:  I  =  moment  of  inertia,  in."*) 

L=  Span  length,  ft 
S=  Beam  spacing,  ft 


Table  2a 

AASHTO  Girder  Types  of  Typical  Prestressed  Girder  Bridges  in  the 
NMSU  Study 

Span,  ft 

Beam  Spacing,  ft  | 

4 

5 

6 

7 

8 

9 

10 

40 

II 

II 

II 

II 

II 

N/A 

N/A 

50 

III 

III 

III 

III 

III 

N/A 

N/A 

60 

II 

II 

II 

II 

II 

N/A 

N/A 

65 

III 

III 

III 

III 

III 

N/A 

N/A 

70 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

80 

III 

III 

III 

III 

III 

N/A 

N/A 

85 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

100 

IV 

IV 

IV 

IV 

IV 

IV 

IV 

#  of  beams 

7 

6 

5 

5 

4 

4 

4 

Note:  Slab  thickness  varies  from  7  to  9  in. 
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Table  2b 

Prestressed  Section  properties  and  Moment  of  inertia 


of 


bu 

bb 

in. 

in. 

12 

18 

16 

22 

20 

26 

in. 

in.^ 

36 

50,979 

45 

125,390 

54 

260,741 

Table  3 

Properties  of  Typicai  Reinforced  Concrete  T-beam  Bridges  in  the  NMSU 
Stud 


Span,  ft 

Beam  Spacing,  ft 

27 

9 

29.2 

8.33 

35 

4.75 

42 

5.85 

46.8 

5.61 

56 

9 

60 

4.87 

62.4 

5.61 

70 

9 

78 

9 

Note:  Slab  thickness  varies  from  7  to  9  in. 
Icr  =  Cracked  moments  of  inertia 


Stem  Width,  ft 

Icr  (in.*) 

27 

49,250 

25 

39,390 

23.75 

25,370 

23.4 

40,580 

28.05 

40,290 

27 

141,500 

24.35 

122,900 

28.05 

59,590 

27 

222,130 

27 

322,500 
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7  Analysis  of  Bridges  for 
Military  Vehicles 


All  typical  bridges  listed  in  Tables  1  and  2,  along  with  the  existing  bridges 
listed  in  Table  4,  were  analyzed  for  all  six  military  vehicles  using  the  harmonic 
analysis  approach  described  by  Bakt  and  Jaeger  (1989).  This  harmonic  analysis 
method  was  re-formulated  by  Singh,  Thangjithan,  and  Singh  (1998)  to  write  a 
computer  program  to  calculate  the  maximum  load  effect  for  any  arbitrary  pattern 
of  wheel  loads  on  a  simply  supported  multi-beam  slab  bridge  system 


Table  4 

Properties  of  Existing  Bridges  Considered  in  this  Study  (Zokai,  Osterkemp,  and 
lmbsen(1991)  and  Zokai,  Mish,  and  Imbsen  (1993) 

Seq. 

No. 

Description 

Span 

(ft) 

No.  Girders 

Girder  spacing 
(ft) 

Slab  thick 
(in.) 

Width{C-C)*, 

(ft) 

Moment  of 
Inertia  in.* 

1 

Arizona-Steel 

30 

5 

7.5 

7.75 

32 

2,364 

2 

Arizona-Steel 

40 

5 

7.5 

7.75 

32 

2,364 

3 

California-Steel 

113.17 

4 

8.5 

7.13 

28 

27,833 

4 

California-Steel 

80.66 

5 

6.25 

6 

24 

9,739 

5 

California-Steel 

130 

3 

15.5 

9.63 

39 

188,585 

6 

California-Steel 

155 

3 

15.5 

9.63 

39 

188,585 

7 

California-Steel 

68 

4 

6.66 

6.75 

21 

14,988 

8 

California-Steel 

116 

4 

9 

7 

28 

68,862 

9 

California-Steel 

51.25 

9 

6.5 

7 

52 

5,367 

10 

California-Steel 

51.25 

5 

6.5 

6.5 

28 

5,367 

11 

California-Steel 

75.25 

6 

7.75 

6.63 

37 

17,101 

12 

California-Steel 

91.25 

6 

7.75 

6.63 

37 

24,195 

13 

California-Steel 

151.13 

3 

12 

7.75 

28 

28,7125 

14 

California-Steel 

75 

3 

12 

7.75 

28 

215,965 

15 

Florida-Steel 

142 

10 

9.25 

7.5 

79.25 

59,869 

16 

Florida-Steel 

205 

10 

9.25 

7.5 

79.25 

75,951 

17 

Maine-Steel 

20 

5 

5 

6.5 

22 

801 

1  (Continued)] 

*  C-C:  curb-to-curb 
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1  Table  4  (Continued)  | 

Seq. 

No. 

Description 

Span 

(«) 

No.  Girders 

Girder  spacing 
(ft) 

Stab  thick 
(in.) 

Width(C-C)*, 

(ft) 

Moment  of 
Inertia  in.^ 

18 

Maine-Steel 

50 

5 

7.92 

7.5 

30 

8.641 

19 

Maine-Steel 

60 

5 

5 

7 

22 

9,012 

20 

Maine-Steel 

75 

5 

8.25 

6 

28 

16,856 

21 

Maine-Steel 

90 

5 

8 

9 

32 

18,554 

22 

Maine-Steel 

110 

4 

8.5 

8.5 

28 

29,835 

23 

Maine-Steel 

75 

5 

6 

5.75 

24 

11,048 

24 

Maine-Steel 

20.5 

12 

2.17 

7.5 

22 

234 

25 

Maine-Steel 

70 

6 

7.5 

8.5 

39 

7,796 

26 

Maine-Steel 

100 

5 

7 

8 

29.83 

10,460 

27 

Minesota-Steel 

56.25 

7 

5.33 

7.25 

30 

5,753 

28 

Minesota-Steel 

28 

9 

2.58 

6.5 

19 

516 

29 

Minesota-Steel 

43 

7 

4.83 

7 

27 

3,267 

30 

Minesota-Steel 

51 

7 

6.25 

6.5 

30 

4,461 

31 

Minesota-Steel 

50 

5 

7 

6 

30 

6,699 

32 

Minesota-Steel 

68 

5 

7 

6 

30 

9,012 

33 

Minesota-Steel 

65 

5 

7 

6 

30 

9,012 

34 

Minesota-Steel 

121.5 

8 

8.08 

9 

46.83 

41,824 

35 

Minesota-Steel 

98 

5 

9.83 

8.25 

36 

29,122 

36 

Minesota-Steel 

125 

5 

9.83 

8.25 

36 

27,508 

37 

Minesota-Steel 

89 

4 

9.33 

6.75 

30 

10,629 

38 

New  York-Steel 

105 

6 

8.67 

12.01 

36 

15,587 

39 

New  York-Steel 

130 

6 

8.67 

12.01 

36 

19,181 

40 

New  York-Steel 

100.73 

8 

6.6 

7 

33 

43,005 

41 

New  York-Steel 

87.3 

5 

7 

8.5 

28 

17,871 

42 

Ohio-Steel 

39 

5 

5.75 

6.75 

24 

3,267 

43 

Ohio-Steel 

43 

4 

7.5 

8 

28 

3,989 

44 

Ohio-Steel 

42.5 

12 

3.21 

4.42 

36 

2,096 

45 

Ohio-Steel 

27 

5 

5.75 

7.25 

24 

1,327 

46 

Ohio-Steel 

65.54 

5 

5.75 

7.25 

24 

6,699 

47 

Ohio-Steel 

74.5 

7 

8.33 

8.5 

50 

14,988 

48 

Ohio-Steel 

66.25 

7 

8.33 

8.5 

50 

9,739 

49 

Ohio-Steel 

80 

7 

8.33 

8.5 

50 

12,103 

50 

Ohio-Steel 

93.12 

7 

8.33 

8.5 

50 

16,092 

51 

Ohio-Steel 

56 

7 

8.33 

8.5 

50 

9,739 

52 

Oklahoma-Steel 

36 

5 

5.25 

8.75 

20 

3,000 

53 

Oklahoma-Steel 

34.75 

5 

5.25 

8.75 

20 

3,000 

54 

Oklahoma-Steel 

50 

5 

5.17 

6.5 

22 

6,699 

55 

Oklahoma-Steel 

30 

6 

4.5 

6 

24 

1,327 

56 

Oklahoma-Steel 

61 

6 

4.92 

7.5 

24 

7,442 

1  (Continued) 

*  C-C:  curb-to-curb 
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I  Table  4  (Concluded)  I 

Seq. 

No. 

Description 

Span 

(ft) 

No. 

Girders 

Girder  spacing 
(ft) 

Siab  thick 
(in.) 

Width(C-C)*, 

(ft) 

Moment  of 
Inertia  in.^ 

57 

Okiahoma-Steei 

41.25 

5 

6.58 

7.5 

28 

6,699 

58 

Okiahoma-Steei 

59.83 

5 

6.58 

7.5 

28 

10,470 

59 

Oklahoma-Steel 

37.17 

5 

5.25 

8.75 

20 

2.364 

60 

Oklahoma-Steel 

38.75 

5 

6.58 

7.5 

28 

4,461 

61 

Oklahoma-Steel 

38.75 

5 

5.25 

8.75 

20 

2,364 

62 

Oklahoma-Steel 

125 

4 

11 

10 

38 

51,463 

63 

Oklahoma-Steel 

160 

4 

11 

10 

38 

51,463 

64 

Oregon-Steel 

140 

6 

13.5 

6.5 

58 

203,546 

65 

Oregon-Steel 

113 

6 

9 

7 

70 

27,429 

66 

Oregon-Steel 

142 

6 

9 

7 

70 

27,429 

67 

Califomia-Prestressed 

113 

7 

6.42 

6.87 

40 

318,000 

68 

Califomia-Prestressed 

96 

8 

7.5 

6.25 

52 

248,000 

69 

Califomia-Prestressed 

70.5 

8 

7.5 

6.25 

52 

248,000 

70 

Caiifbmia-Prestressed 

84 

10 

7 

6.25 

66 

187,800 

71 

Caiifbmia-Prestressed 

61.63 

10 

7.66 

6.25 

73 

63,300 

72 

Caiifbmia-Prestressed 

27 

10 

7.66 

6.25 

73 

63,300 

73 

Caiifbmia-Prestressed 

84 

19 

9.1 

7.13 

188 

187,800 

74 

Caiifomia-Prestressed 

67.5 

7 

6.83 

6 

32 

137,300 

75 

Fiorida-Prestressed 

40 

4 

9.7 

7 

28 

50,980 

76 

Florida-Prestressed 

60 

6 

5.83 

7 

28 

50,980 

77 

Fiorida-Prestressed 

82 

5 

9.69 

7.5 

44 

260,730 

78 

Fiorida-Prestressed 

32.5 

4 

6.75 

7 

26 

125,390 

79 

Fiorida-Prestressed 

72 

4 

6.75 

7 

26 

125,390 

*  C-C:  curb-to-curb 


To  verify  the  numerical  accuracy  of  the  program  used  herein,  distribution 
factors  for  the  AASHTO  HS-20  standard  truck  were  calculated  and  compared 
with  the  results  obtained  from  the  equations  by  Zokai,  Osterkemp,  and  Imbsen 
(1991)  and  those  obtained  by  the  computer  program  LDFAC  (Zokai,  Mish,  and 
Imbsen.,  1993).  This  later  program  has  been  recommended  by  Zokai,  Mish,  and 
Imbsen  (1993)  for  level  two  type  of  analysis  of  highway  bridge  systems  and  is 
based  on  the  grillage  method  of  analysis.  It  represents  a  multi-girder  and  deck 
system  by  a  grillage  consisting  of  interconnected  beam  elements.  It  is  important 
that  the  equivalent  bending  and  torsional  stiffiiess  properties  of  these  beam 
elements  are  properly  chosen  to  represent  the  girders  and  deck  of  a  bridge.  The 
wheel  loads  also  must  be  transferred  properly  to  the  nodes  of  the  interconnecting 
nodes  of  the  grillage. 

The  comparison  of  the  distribution  factor  results  is  made  in  Figures  9  through 
20.  The  first  six  figures  are  for  the  bending  moment  distribution  factors  and  the 
next  six  for  the  shear  force  distribution  factors.  Both  single  lane  and  multiple- 
lane-loading  scenarios  are  included.  As  can  be  seen,  the  bending  moment 
distribution  factors  calculated  by  different  methods  are  reasonably  close  to  each 
other,  with  some  being  closer  than  others.  There  is  a  somewhat  larger  difference 
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in  the  shear  force  results,  especially  for  the  multiple-lane-loading  pattern.  In 
general,  the  differences  in  the  results  obtained  by  the  two  computer  programs 
(harmonic  analysis  and  LDFAC)  are  not  overly  surprising  as  they  use  quite 
different  analytical  formulations.  The  LDFAC  results,  based  on  the  grillage 
approach,  would  be  considered  to  produce  less  accurate  results  because  of  the 
representation  of  the  bridge  continuum  by  discrete  interconnected  beam 
elements.  The  small  differences  between  the  results  obtained  by  the  Zokai, 
Osterkemp,  and  Imbsen  (1991)  and  Zokai,  Mish,  and  Imbsen  (1993)  formulas 
and  those  obtained  by  harmonic  analysis  can  also  be  justified,  as  the  Zokai 
formulas  were  developed  to  represent  a  wide  range  of  bridge  types  and 
parameters. 


Figure  9.  Comparison  of  bending  moment  distribution  factors  calculated  by 
harmonic  analysis  approach,  Zokai,  Osterkemp,  and  Imbsen  (1991) 
and  Zokai,  Mish,  and  Imbsen  (1993)  formulas,  and  LDFAC  program, 
average  steel  girder  bridge,  single  lane  loading  scenario 
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Figure  10.  Comparison  of  bending  moment  distribution  Actors  calculated  by 
harmonic  analysis  approach,  Zokai,  Osterkemp,  and  Imbsen  (1991) 
and  Zokai,  Mish,  and  Imbsen  (1993)  formulas,  and  LDFAC  program, 
average  prestressed  girder  bridge,  single  lane  loading  scenario 


Figure  1 1 .  Comparison  of  bending  moment  distribution  factors  calculated  by 
harmonic  analysis  approach,  Zokai,  Osterkemp,  and  Imbsen  (1991)  and  Zokai, 
Mish,  and  Imbsen  (1993)  formulas,  and  LDFAC  program,  average  concrete  T-beam 
bridge,  single  lane  loading  scenario 
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Figure  12.  Comparison  of  bending  moment  distribution  factors  calculated  by 
harmonic  analysis  approach,  Zokai,  Osterkemp,  and  Imbsen  (1991) 
and  Zokai,  Mish,  and  Imbsen  (1993)  formulas,  and  LDFAC  program, 
average  steel  girder  bridge,  multiple  lane  loading  scenario 


Figure  13.  Comparison  of  bending  moment  distribution  factors  calculated  by 

harmonic  analysis  approach,  Zokai,  Osterkemp,  and  Imbsen  (1991) 
and  Zokai,  Mish,  and  Imbsen  (1993)  formulas,  and  LDFAC  program, 
average  prestressed  girder  bridge,  multiple  lane  loading  scenario 
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Figure  14.  Comparison  of  bending  moment  distribution  factors  calculated  by 

harmonic  analysis  approach,  Zokai,  Osterkemp,  and  Imbsen  (1991) 
and  Zokai,  Mish,  and  Imbsen  (1993)  formulas,  and  LDFAC  program, 
average  concrete  T-beam  bridge,  multiple  lane  loading  scenario 


Figure  15.  Comparison  of  shear  distribution  factors  calculated  by  harmonic 

analysis  approach,  Zokai,  Osterkemp,  and  Imbsen  (1991)  and  Zokai, 
Mish,  and  Imbsen  (1993)  formulas,  and  LDFAC  program,  average 
steel  girder  bridge,  single  lane  loading  scenario 
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Figure  16.  Comparison  of  shear  distribution  factors  calculated  by  harmonic 

analysis  approach,  Zokai,  Osterkemp,  and  Imbsen  (1991)  and  Zokai, 
Mish,  and  Imbsen  (1993)  formulas,  and  LDFAC  program,  average 
prestressed  girder  bridge,  single  lane  loading  scenario 


Figure  17.  Comparison  of  shear  distribution  fectors  calculated  by  harmonic 

analysis  approach,  Zokai,  Osterkemp,  and  Imbsen  (1991)  and  Zokai, 
Mish,  and  Imbsen  (1993)  formulas,  and  LDFAC  program,  average 
concrete  T-beam  bridge,  single  lane  loading  scenario 
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Distribution  Fsctor 


Figure  18.  Comparison  of  shear  distribution  factors  calculated  by  harmonic 

analysis  approach,  Zokai,  Osterkemp,  and  Imbsen  (1991)  and  Zokai, 
Mish,  and  Imbsen  (1993)  formulas,  and  LDFAC  program,  average 
steel  girder  bridge,  multiple  lane  loading  scenario 


Figure  19.  Comparison  of  shear  distribution  factors  calculated  by  harmonic 

analysis  approach,  Zokai,  Osterkemp,  and  Imbsen  (1991)  and  Zokai, 
Mish,  and  Imbsen  (1993)  formulas,  and  LDFAC  program,  average 
prestressed  girder  bridge,  multiple  lane  loading  scenario 
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Average  Concrete  T-beam  Bridge 
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Figure  20.  Comparison  of  shear  distribution  factors  calculated  by  harmonic 

analysis  approach,  Zokai,  Osterkemp,  and  Imbsen  (1991)  and  Zokai, 
Mish,  and  Imbsen  (1993)  formulas,  and  LDFAC  program,  average 
concrete  T-beam  bridge,  multiple  lane  loading  scenario 
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8  Sensitivity  of  Load 
Distribution  Factors 


It  is  of  interest  to  examine  the  sensitivity  of  the  load  distribution  factors  with 
respect  to  bridge  parameters  that  effect  them.  This  helps  to  identify  the 
parameters  that  are  most  important  and  thus  ought  to  be  given  special 
consideration  in  their  numerical  measurements.  The  bridge  parameters 
considered  are  the  span,  girder  spacing,  slab  thickness,  and  girder  moment  of 
inertia.  Numerical  results  for  sensitivity  analysis  were  obtained  for  the  average 
bridges  in  the  three  bridge  categories.  The  properties  of  the  three  average  bridges 
are  shown  in  Table  5.  Figures  21  through  32  show  the  sensitivity  results  for 
these  bridges.  The  &st  six  figures  (Figures  21  through  26)  are  for  the  bending 
moment  distribution  factors  and  the  next  six  figures  (Figures  27  through  32)  are 
for  the  shear  force  distribution  factors.  Both,  the  single  lane  and  multiple  lane 
loading  scenarios  are  considered.  The  figures  show  the  distribution  factor  values 
plotted  against  the  normalized  parameter  value.  (The  parameter  value  is 
normalized  by  dividing  it  with  the  average  value  of  the  parameter.)  It  is  noted 
that  the  girder  spacing  is  the  most  important  parameter.  The  second  most 
important  parameter  is  the  bridge  span,  especially  for  the  short  span  bridges.  The 
parameters  of  slab  thickness  and  girder  moment  of  inertia  do  not  seem  to  be  as 
important  as  the  other  two  parameters,  except  for  the  shear  force  factor  in  the  T- 
beam  bridges  (see  Figures  29  and  32). 


Table  5 

Parameter  values  for  the  Average  Bridges  in  each  category 

Type  of  Bridge 

No.  of  Girders 

Girder  Spacing,  ft 

Span,  ft 

inertia,  in.* 

Width,  ft 

Siab  thick,  in. 

Steel 

5 

6.00 

98.33 

19,675 

25.0 

8.00 

Prestressed 

5 

6.46 

70.87 

17,1004 

25.5 

8.00 

T-beam 

5 

7.10 

50.64 

106,350 

26.1 

8.00 
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Load  DlatrlbuUon  Factor 


0.36  ] 


Figure  21.  Sensitivity  of  bending  moment  distribution  factors;  steel  girder 
bridges;  single  lane  loading  scenario 


Figure  22.  Sensitivity  of  bending  moment  distribution  factors;  prestressed  girder 
bridges;  single  lane  loading  scenario 
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Figure  23.  Sensitivity  of  bending  moment  distribution  factors;  concrete  T-beam 
bridges;  single  lane  loading  scenario 


Figure  24.  Sensitivity  of  bending  moment  distribution  factors;  steel  girder 
bridges;  multiple  lane  loading  scenario 
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Load  DIatrlbtiilon  Factor 


Figure  25.  Sensitivity  of  bending  moment  distribution  factors;  prestressed  girder 
bridges;  multiple  lane  loading  scenario 


Figure  26.  Sensitivity  of  bending  moment  distribution  factors;  concrete  T-beam 
bridges;  multiple  lane  loading  scenario 
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Figure  29.  Sensitivity  of  shear  distribution  factors;  concrete  T-beam  bridges; 
single  lane  loading  scenario 


Figure  30.  Sensitivity  of  shear  distribution  factors;  steel  girder  bridges;  multiple 
lane  loading  scenario 
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Load  Distribution  Factor  |  CO  j  Load  Distribution  Factor 


jre  31 .  Sensitivity  of  shear  distribution  factors;  prestressed  girder  bridges; 
multiple  lane  loading  scenario 


Figure  32.  Sensitivity  of  shear  distribution  factors;  concrete  T-beam  bridges; 
multiple  lane  loading  scenario 
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9  Load  Distribution  Factor 
Formulas  for  Military 
Vehicles 


The  load  distribution  factor  values  calculated  for  the  three  types  of  bridges 
and  for  four  different  vehicle  types  were  statistically  processed  using  the 
nonlinear  regression  analysis  feature  of  the  SAS  Package  (SAS  Institute,  1989)  to 
develop  the  proposed  load  distribution  formulas.  As  discussed  in  a  previous 
chapter,  separate  load  distribution  factor  formulas  were  developed  for  3  different 
wheeled  and  3  different  tracked  vehicles.  However,  since  some  of  the  vehicles 
are  similar  in  terms  of  footprint  and  therefore  load  effect  on  bridges,  the  results 
have  been  grouped  as  follows;  (1)  HETS,  (2)  PLS  and  HEMMT  considered  as  a 
group,  (3)  Ml  Tank,  (4)  Ml  13  and  Bradley  vehicles  considered  as  a  group,  and 
(5)  all  military  vehicles  considered  as  a  single  group. 

The  formulas  are  developed  for  three  types  of  bridges  (steel  multi-girder, 
reinforced  concrete  T-beam,  and  prestressed  concrete  I-beam  bridges)  separately 
as  well  as  for  all  types  of  bridges  considered  as  a  group.  For  the  first  four  sets  of 
vehicles,  the  formulas  were  developed  only  for  the  bending  moment  in  the 
interior  girders  of  a  bridge.  For  this  set,  there  are  20  different  formulas.  These 
formulas  are  listed  in  Tables  6  through  9.  For  the  case  of  all  military  vehicles 
considered  as  a  group,  the  formulas  were  developed  separately  for:  (a)  bending 
moment  and  shear  force  values,  (b)  single  lane  and  multiple  lane  loading 
scenarios,  and  (d)  interior  and  exterior  girders.  There  are  32  different  formulas 
for  this  case.  These  formulas  are  listed  in  Tables  10  through  13.  Tables  12  and 
13  provide  these  formulas  for  bending  moment  and  shear  force,  respectively,  in 
the  external  girders.  Part  (a)  of  the  tables  provides  the  expressions  of  the 
formulas,  whereas  Part  (b)  gives  the  amplification  factor  that  must  be  applied  to 
the  values  calculated  from  the  formulas.  This  amplification  factor  depends  on 
the  size  of  the  overhang  on  the  outside  of  a  girder.  If  the  distribution  factor  value 
obtained  with  the  amplification  factor  for  an  exterior  girder  is  less  than  the  value 
for  an  interior  girder,  then  the  distribution  factor  value  for  the  interior  girders 
should  be  used  to  compute  the  design  bending  moment  and  shear  force  values.  It 
is  reiterated  here  that  these  formulas  should  be  used  with  the  entire  vehicular  load 
effect  (i.e.  not  that  from  a  wheel  line  as  is  done  by  AASHTO).  The  last  columns 
in  these  tables  also  provide  the  range  of  applicability  of  these  formulas.  These 
values  represent  the  range  of  the  parameter  values  in  the  population  of  the  three 
different  bridge  types  considered  in  this  study.  The  last  columns  in  these  tables 


36 


Chapter  9  Load  Distribution  Factor  Formulas  for  Military  Vehicles 


also  provide  the  range  of  applicability  of  these  formulas.  These  values  represent 
the  range  of  the  parameter  values  in  the  population  of  the  three  different  ridge 
types  considered  in  this  study. 


Table  6 

Bending  Moment  Load  Distribution  Factor  Formuias  for  interior 
Girders;  PLS  and  HEMMT  Vehicies _ _ 

Bridge  Type  Lane  Loading  Range  of  Applicabiiity 

Single  Lane 


All  Beam 
Bridges 


Prestressed 


-0.1+ 

Ul.27 

Multiple  Lane 

0.086 +  f— 


0.25. 


nl 

l2Lt^ 


■  I  2.17’  ^  S  ^  12’ 

2  12’<LS205’ 

4.42”  ^  t  ^  12’ 

0.074  234  in."  S I  <  733,320  in." 


Single  Lane 

r  c  ' 

0.22+ 

1,7.96. 

Multiple  Lane 

0.l6  +  f-A_ 


nl 

l2Lt^ 


JL  V  I  I 

U3.45, 

Single  Lane 

-0.53  +  f— 


Multiple  Lane 


-0.17  + 


nl 

\2Lt^ 


s  T'(sT' 


2.17’<SS12’ 

20’  ^  L  2  205’ 
4.42”:£t<12” 

234  in."  SI  ^287,125  in." 


3.21 ’SSS  10.5’ 

'  18.75’  S  L  <  136’ 

5”<tS9’ 

.0.053  9  599  jn.'*  ^  |  ^  733,320  in." 


T-Beam 


Single  Lane 

„,„,rArrir 


V9.3 

Multiple  Lane 


0.36  + 


5  T(sT" 


4.75’  S  S  S  9.33’ 

12’  S  L  <  78’ 

5’StS9" 

3,267  in."  S  I  S  567,348  in." 


Parameters  Description: 

S  =  spacing  between  girders,  ft 
L  =  span  length,  ft 
t  =  slab  thickness,  in. 

/  =  moment  of  inertia  of  the  girder,  in.** 

n  =  modular  ratio  =  ratio  of  the  elastic  modulus  of  the  girder  to  that  of  the  slab 
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Parameters  Description; 

S  =  spacing  between  girders,  ft 
L  =  span  length,  ft 
t  =  slab  thickness,  in. 

I  =  moment  of  inertia  of  the  girder,  in.'* 

n  =  modular  ratio  =  ratio  of  the  elastic  modulus  of  the  girder  to  that  of  the  slab 
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Parameters  Description: 

iS=  spacing  between  girders,  ft 
L  =  span  length,  ft 
t  =  slab  thickness,  in. 

I  =  moment  of  inertia  of  the  girder,  in.'* 

n  =  modular  ratio  =  ratio  of  the  elastic  modulus  of  the  girder  to  that  of  the  slab 
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Parameters  Description: 

S  =  spacing  between  girders,  ft 
L  =  span  length,  ft 
t  =  slab  thickness,  in. 

I  =  moment  of  inertia  of  the  girder,  in.'’ 

n  =  modular  ratio  =  ratio  of  the  elastic  modulus  of  the  girder  to  that  of  the  slab 
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Parameters  Description: 

S  =  spacing  between  girders,  ft 
L  =  span  length,  ft 
t  =  slab  thickness,  in. 

/=  moment  of  inertia  of  the  girder,  in.'* 

n  =  modular  ratio  =  ratio  of  the  elastic  modulus  of  the  girder  to  that  of  the  slab 
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Parameters  Description: 

S  =  spacing  between  girders,  ft 
L  =  span  length,  ft 
t  =  slab  thickness,  in. 

I  =  moment  of  inertia  of  the  girder,  in.'’ 

n  =  modular  ratio  =  ratio  of  the  elastic  modulus  of  the  girder  to  that  of  the  slab 
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Table  12a 

Bending  Moment  Load  Distribution  Factor  Formulas  for  Exterior 
Girders;  All  Miiitary  Vehicles _ _ 

Bridge  I  Lane  Loading  I 


All  Beam 
Bridges 


Range  of  Applicabiiit 


Single  Lane 


[ij  [ni?) 


Multiple  Lane 


0.22  + 


25.43 


ll2Zf'  J  2.17-<S<12' 

J  12'<L<205’ 

4.42”<t<12” 

^  234 in.''< I ^733,320 in.'* 


Single  Lane 

-0.11  +  f 


0.43  /  sO.Ol 

1  (s\ 


Multiple  Lane 


-0.03  + 


16.84 


0.7  /  „  S-O.047 

\  {S\ 


2.17’<S<12' 

20’<LS205’ 

4.42’  S  t  S  12” 

-0  234  in."  ^  I  <  287,125  in." 


Singie  Lane 

/  C  /  o  /  J 

Prestressed  _  q  —  I 

l36j  UJ  ll2Xf' 


Muitiple  Lane 


0.25  + 


27.53 


3.2r^S<  10.5’ 

J  18.75’ 2 LS 136’ 

5”^tS9” 

-0<®Y  nl  V'*'  ^  I  ^  733,320  in." 


T-Beam 


Single  Lane 

(  9 

0.23+  — ^ 
U2.83 

Multiple  Lane 

(  S 

0.3+  - 

125.41  j 


0.64  /  r-t  \0.06 

I  is\ 


1.24, ^y.l6 


4.75’ <S  59.33’ 

’  12’<L<78’ 

5”<t<9” 

,-o  07  3,267  in."  5  I  <  567,348  in." 


Table  12b 

Exterior  Girders  Ampiification  Factors  to  Be  Applied  to  the 
Formuias  in  Tabie  12a  for  Different  Overhang  Values _ 

Loading  Scenario  Overhang,  ft 

i  |2  [3  R 

Single  Lane  i  TT2  T24  T 

Multiple  Lane  1  1  1.1  T 


Parameter  descriptions  are  the  same  as  for  previous  tables 
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Table  13a 

Shear  Load  Distribution  Factor  Formulas  for  Exterior  Girders;  All 
Military  Vehicles 


Bridge 

Type 


All  Beam 
Bridges 


Lane  Loading 
Single  Lane 


Multiple  Lane 


U3.08 

Single  Lane 


nl 

\2Lt^ 


Range  of  Applicability 


2.17’SS512’ 

12’^LS205’ 

4.42”  St  S  12’ 

234  in.'‘slS733,320  in." 


-1.18  +  1.7(5r  - 


Multiple  Lane 


-0.5  + 


0.39  /  _  s-0.079 

I  fs\ 


2.17’SSS12' 

20’  S  L  S  205’ 
4.42”StSl2’ 

234  in.''slS287,125  in." 


Prestressed 


T-Beam 


Single  Lane 


-0.22  + 


25.17 


0.2S,^.-0.0, 


Multiple  Lane 


0.26  + 


5 


Single  Lane 


-0.71  + 


Multiple  Lane 


0.15  /  „  nO.OI 

1  ( S\ 


0.16  + 


25.74 


3.21’SSS10.5’ 

18.75’ SLS  136’ 

5”StS9” 

9,599  in."  S  I  S  733,320  in," 


4.75’SSS9.33’ 

12’SLS78’ 

5’StS9’ 

3,267  in."  S I S  567,348  in." 


Table  13b 

Exterior  Girders  Amplification  Factors  to  be  applied  to  the  formulas 

in  Table  13a  for  different  overhang  values _ 

Loading  Scenario  Overhang  (ft) 

V  2’  y  4' 

Single  Lane  1  1.12  1.24  1.36 

Multiple  Lane  1.1  1.2  1.3  1.4 


Parameter  descriptions  are  the  same  as  for  previous  tables 
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10  Comparison  of  Distribution 
Factors  Calculated  by  New 
Formulas  and  Direct  Bridge 
Analysis 


To  test  the  accuracy  of  the  goodness-of-fit  of  these  formulas  with  respect  to 
the  calculated  distribution  factor  values.  Figures  33  through  84  have  been 
created.  Here  each  figure  pertains  to  a  formula  in  Table  6  through  13.  The 
following  table  lists  the  figures  niimbers  that  are  associated  with  different  tables 
numbers.  For  each  set  of  figures,  the  table  also  identifies  the  type  of  vehicle 
(e.g.,  PLS  and  HEMMT,  HETS,  Abrams,  Ml  13  and  Bradley,  and  All  vehicles), 
load  effect  (e.g.,  bending  moment  or  shear  force),  and  beam  location  (i.e.,  interior 
or  exterior)  to  which  the  figure  set  pertains. 


Table  No. 

Figure  No. 

Vehicle  Type 

Load  Effect 

Beam  Location 

6 

33  through  40 

PLS  and  HEMMT 

Bending  Moment 

Interior 

7 

41  through  44 

HETS 

Bending  Moment 

Interior 

8 

45  through  48 

Abrams 

Bending  Moment 

Interior 

9 

49  through  52 

Ml  13  and  Bradley 

Bending  Moment 

Interior 

10 

53  through  60 

All  Types 

Bending  moment 

Interior 

11 

61  through  68 

All  types 

Shear  Force 

Interior 

12 

69  through76 

All  Types 

Bending  Moment 

Exterior 

13 

77  through  84 

All  Types 

Shear  Force 

Exterior 
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Part  (a)  of  each  figure  plots  the  value  of  distribution  factor  calculated  by  the 
formula  against  the  value  obtained  by  an  actual  bridge  analysis.  Each  point  in 
the  plot  represents  a  bridge  in  the  data  set.  A  perfectly  straight  line  with  a  slope 
of  one  implies  a  perfect  fit.  It  is  seen  that  some  formulas  predict  a  better  fit  with 
a  smaller  scatter  fi'om  the  45 -degrees  straight  line  than  other.  The  formulas 
representing  a  diverse  group  of  vehicles  and/or  several  types  of  bridges 
collectively  usually  have  a  larger  scatter.  This  is  also  apparent  fi-om  the 
histograms  shown  in  part  (b)  of  the  figures.  In  these  figures,  the  histograms  are 
for  the  variable  of  the  ratio  of  the  distribution  factor  calculated  by  the  formula  to 
the  one  calculated  by  actual  analysis  of  the  bridge.  On  the  histogram  figures  are 
also  shown  the  mean  and  coefficient  of  variation  values  of  this  ratio.  A  narrow 
histogram  with  the  mean  value  close  to  1 .0  and  a  low  coefficient  of  variation 
value  indicates  a  good  fit  between  the  analysis  and  the  proposed  formula.  Such  a 
good  fit  is  usually  seen  for  the  cases  of  a  type  of  vehicle  on  a  particular  type  of 
bridge.  For  example  for  the  HETS  vehicle,  the  mean  and  coefficient  of  variation 
values,  respectively,  are  1.002  and  4.7  percent  for  steel  bridges  (Figure  42),  1.023 
and  10.5  percent  for  prestressed  concrete  bridges  (Figure  43),  and  1 .008  and  6.3 
percent  for  the  concrete  T-beam  bridges  (Figure  44).  If  the  results  of  all  bridge 
types  are  lumped  together,  then  for  HETS  vehicle  the  mean  and  coefficient  of 
variation  values  are  1.004  and  10.7  percent  (Figure  41).  Concrete  T-beam 
bridges  usually  have  higher  variations  as  indicated  by  the  coefficient  of  variation 
values.  The  coefficient  of  variation  of  the  bending  moment  distribution  factor 
ratio  for  the  T-beam  concrete  bridge  is  usually  higher  than  for  the  other  types  of 
bridges.  Including  more  types  of  bridges  with  different  types  of  vehicles  would 
likely  increase  the  coefficient  of  variation.  In  general,  the  coefficients  of 
variation  of  the  shear  force  distribution  factors  tend  to  be  higher  than  that  of  the 
bending  moment.  A  relatively  large  coefficient  of  variation  value  implies  that 
the  use  of  the  proposed  distriWtion  formula  might  provide  values  that  could  be 
different  fi-om  the  one  calculated  by  a  detailed  bridge  analysis. 
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a.  Distribution  factor 
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b.  Ratio  of  distribution  factors 

Figure  35.  Comparison  of  distribution  factors  caicuiated  by  proposed  formuias 
and  bridge  analysis  for  PLS  and  HEMMT  vehicies,  prestressed 
girder,  bending  moment  in  interior  girders  for  singie  iane 
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Figure  37.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  PLS  and  HEMMT  vehicles,  all  beam  bridges, 
bending  moment  in  interior  girders  for  multiple  lane 
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a.  Distribution  factor 
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Figure  39.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  PLS  and  HEMMT  vehicles,  prestressed 
girder,  bending  moment  in  interior  girders  for  multiple  lane 
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Figure  40.  Comparison  of  distribution  factors  calcuiated  by  proposed  foimuias 
and  bridge  anaiysis  for  PLS  and  HEMMT  vehicies,  concrete  T-beam, 
bending  moment  in  interior  girders  for  muitiple  lane 
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b.  Ratio  of  distribution  factors 

Figure  41 .  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  NETS  vehicle,  all  beam  bridges,  bending 
moment  in  interior  girders  for  single  lane 
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Figure  42.  Comparison  of  distribution  factors  caiculated  by  proposed  formulas 
and  bridge  analysis  for  NETS  vehicle,  steel  girder,  bending  moment 
in  interior  girders  for  single  lane 
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Figure  43.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  HETS  vehicle,  prestressed  girder,  bending 
moment  in  interior  girders  for  single  lane 
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Figure  44.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  HETS  vehicle,  concrete  T-beam,  bending 
moment  in  interior  girders  for  single  lane 
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a.  Distribution  factor 


b.  Ratio  of  distribution  factors 


Figure  46.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 

and  bridge  analysis  for  Abrams  vehicle,  steel  girder,  bending  moment 
in  interior  girders  for  single  lane 
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Figure  47.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  Abrams  vehicle,  prestressed  girder,  bending 
moment  in  interior  girders  for  single  lane 
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Figure  49.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  M1 13  and  Bradley  vehicles,  all  beam  bridges, 
bending  moment  in  interior  girders  for  single  lane 
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Figure  51 .  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  Ml  13  and  Bradley  vehicles,  prestressed 
girder,  bending  moment  in  interior  girders  for  single  lane 
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Ralativ*  Frequency 
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Figure  52.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 

and  bridge  analysis  for  M1 13  and  Bradley  vehicles,  concrete  T-beam, 
bending  moment  in  interior  girders  for  single  lane 
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b.  Ratio  of  distribution  factors 

Figure  53.  Comparison  of  distribution  factors  caicuiated  by  proposed  formuias 
and  bridge  anaiysis  for  ail  vehicles,  all  beam  bridges,  bending 
moment  in  interior  girders  for  single  lane 
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b.  Ratio  of  distribution  factors 

Figure  56.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  concrete  T-beam,  bending 
moment  in  interior  girders  for  single  lane 
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Figure  57.  Comparison  of  distribution  factors  calcuiated  by  proposed  formuias 
and  bridge  analysis  for  all  vehicles,  all  beam  bridges,  bending 
moment  in  interior  girders  for  multiple  lane 


Chapter  1 0  Comparison  of  Distribution  Factors 


b.  Ratio  of  distribution  factors 

Figure  59.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  prestressed  girder,  bending 
moment  in  interior  girders  for  multiple  lane 
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b.  Ratio  of  distribution  factors 

Figure  60.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  concrete  T-beam,  bending 
moment  in  interior  girders  for  multiple  lane 
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b.  Ratio  of  distribution  factors 


Figure  61 .  Comparison  of  distribution  factors  calculated  by  proposed  formulas 

and  bridge  analysis  for  all  vehicles,  all  beam  bridges,  shear  in  interior 
girders  for  single  lane 
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Figure  62.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  steel  girder,  shear  in  interior 
girders  for  single  lane 
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b.  Ratio  of  distribution  factors 

Figure  63.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  prestressed  girder,  shear  in 
interior  girders  for  single  lane 
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b.  Ratio  of  distribution  factors 

Figure  66.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  steel  girder,  shear  in  interior 
girders  for  multiple  lane 
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b.  Ratio  of  distribution  factors 

Figure  67.  Comparison  of  distribution  factors  caicuiated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  prestressed  girder,  shear  in 
interior  girders  for  multiple  lane 
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b.  Ratio  of  distribution  factors 

Figure  69.  Comparison  of  distribution  factors  caicuiated  by  proposed  formulas 
and  bridge  anaiysis  for  ail  vehicles,  all  beam  bridges,  bending 
moment  in  exterior  girders  for  single  lane 
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Figure  72.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  concrete  T-beam,  bending 
moment  in  exterior  girders  for  single  lane 
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Distribution  Factor  by  Analysis  of  Bridgs 


Figure  73.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  all  beam  bridges,  bending 
moment  in  exterior  girders  for  multiple  lane 
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Figure  74.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  steel  girder,  bending  moment  in 
exterior  girders  for  multiple  lane 
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Figure  76.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  concrete  T-beam,  bending 
moment  in  exterior  girders  for  multiple  lane 


90 


Chapter  1 0  Comparison  of  Distribution  Factors 
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Figure  79.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  prestressed,  shear  in  exterior 
girders  for  single  lane 
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b.  Ratio  of  distribution  factors 

Figure  81 .  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  all  beam  bridges,  shear  in 
exterior  girders  for  multiple  lane 
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Figure  84.  Comparison  of  distribution  factors  calculated  by  proposed  formulas 
and  bridge  analysis  for  all  vehicles,  concrete  T-beam,  shear  in 
exterior  girders  for  multiple  lane 
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1 1  Proposed  Distribution 
Factors  Versus  Pre-LRFD 
and  Post-LRFD  Distribution 
Factors 


It  is  of  interest  to  compare  the  values  of  the  distribution  factors  calculated  by 
the  new  proposed  formulas  developed  for  the  military  vehicles  with  the  values 
calculated  according  to  the  pre-and  post-LRFD  AASHTO  specifications  for  the 
civilian  vehicles.  The  distribution  factor  formulas  given  in  the  1994  and  earlier 
versions  of  the  AASHTO  Standard  specifications  are  considered  as  the  pre- 
LRFD  distribution  factors.  The  factors  defined  in  the  1996  AASHTO  Standard 
Specification  are  considered  as  the  post-LRFD  distribution  factors.  For  the 
bending  moment  in  an  interior  girder  for  the  single  loading  case,  these  formulas 
are  given  in  Table  14.  No  comparison  is  made  for  the  exterior  girders,  or 
multiple-lane-loading  case  or  the  shear  force  distribution  factors. 


Table  14 

Bending  Moment  Load  Distribution  Factor  Formulas  for  Interior 
Girders  Single  Lane  Loading  Scenario 
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The  comparison  of  the  load  factors  is  made  both  quantitatively  in  the  tabular 
form  and  qualitatively  in  the  graphical  form.  Tables  15  through  19  show  the 
mean  and  coefficient  of  variation  values  of  the  distribution  factor  calculated  by 
harmonic  analysis  (most  exact),  proposed  new  formulas  for  military  vehicles, 
LRPD  formulas  in  AASHTO  1996,  and  the  pre-LRFD  formulas  in  1994  and 
earlier  versions  of  AASHTO  specifications.  Each  table  is  for  a  particular  type  of 
vehicle.  Only  the  single  lane  loading  case  is  considered.  Graphically  the  mean 
values  for  the  bending  moment  in  these  tables  are  compared  in  Figures  85 
through  89.  Each  figure  corresponds  to  a  table.  That  is.  Figure  85  depicts  the 
mean  values  in  Table  15,  Figure  86  depicts  the  values  in  Table  16,  and  so  on,  as 
is  shown  in  the  tabulation  below.  These  figures  indicate  that  mean  values 
calculated  by  the  harmonic  analysis  and  the  proposed  formulas  are  quite  close  to 
each  other.  When  compared  with  the  more  accurate  harmonic  analysis,  usually 
the  pre-LRFD  formulas  tend  to  over  estimate  and  the  post-LRFD  formulas 
usually  tend  to  rmderestimate  the  values  of  the  distribution  factors. 


Table  No. 

Figure  No. 

Vehicle  Type 

15 

85 

PLS  and  HEMMT 

16 

86 

HETS 

17 

87 

Abrams 

18 

88 

Ml  13  and  Bradley 

19 

89 

All  vehicles 

fable  15 

Mean  and  Coefficient  of  Variation  Values  for  Bending  Moment  Load 
Distribution  Factor  obtained  with  Harmonic  Anaiysis,  LRFD,  Non- 
IlRFD,  and  New  Formulas  for  Interior  Girders  PLS  and  HEMMT 
h/ehicies 


Bridge  Type 

Coefficients 

single  Lane  Loading  | 

Harmonic 

Analysis 

New 

Formulas 

LRFD 

Formulas 

Non-LRFD 

Formulas 

All  Beam 

Mean 

0.465 

0.477 

0.393 

0.498 

C.O.V. 

0.243 

0.160 

0.201 

0.277 

Steel  Girder 

Mean 

0.400 

0.396 

0.364 

0.464 

C.O.V. 

0.135 

0.077 

0.186 

0.265 

Prestressed  Girder 

Mean 

0.495 

0.500 

0.393 

0.478 

C.O.V. 

0.220 

0.182 

0.178 

0.274 

Concrete  T-Beam 

Mean 

0.557 

0.555 

0.442 

0.548 

C.O.V. 

0.259 

0.199 

0.172 

0.221 
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Table  16 

Mean  and  Coefficient  of  Variation  Values  for  Bending  Moment  Load 
Distribution  Factor  obtained  with  Harmonic  Analysis,  LRFD,  Non- 
LRFD,  and  New  Formulas  for  Interior  Girders  HETS  Vehicle 

Bridge  Type 

Coefficients 

Single  Lane  Loading  { 

Harmonic 

Analysis 

New 

Formulas 

LRFD 

Formulas 

Non-LRFD 

Formulas 

Ail  Beam 

Mean 

0.439 

0.436 

0.377 

0.463 

C.O.V. 

0.245 

0.217 

0.199 

0.266 

Steel  Girder 

Mean 

0.382 

0.382 

0.366 

0.467 

C.O.V. 

0.154 

0.144 

0.190 

0.270 

Prestressed  Girder 

Mean 

0.474 

0.480 

0.393 

0.474 

C.O.V. 

0.229 

0.194 

0.177 

0.270 

Concrete  T-Beam 

Mean 

0.472 

0.475 

0.467 

0.571 

C.O.V. 

0.194 

0.103 

0.147 

0.179 

fable  17 

Mean  and  Coefficient  of  Variation  Values  for  Bending  Moment  Load 
Distribution  Factor  obtained  with  Harmonic  Analysis,  LRFD,  Non- 
IlRFD,  and  New  Formulas  for  Interior  Girders  Abrams  Vehicle _ 


Bridge  Type 

Coefficients 

Single  Lane  Loading  | 

Harmonic 

Analysis 

New 

Formulas 

LRFD 

Formulas 

Non-LRFD 

Formulas 

All  Beam 

Mean 

0.398 

0.399 

0.377 

0.463 

C.O.V. 

0.221 

0.204 

0.199 

0.266 

Steel  Girder 

Mean 

0.369 

0.370 

0.361 

0.459 

C.O.V. 

0.120 

0.109 

0.174 

0.263 

Prestressed  Girder 

Mean 

0.425 

0.429 

0.397 

0.477 

C.O.V. 

0.233 

0.210 

0.196 

0.276 

Concrete  T-Beam 

Mean 

0.440 

0.444 

0.467 

0.571 

C.O.V. 

0.161 

0.142 

0.147 

0.179 

Table  18 

Mean  and  Coefficient  of  Variation  Values  for  Bending  Moment  Load 
Distribution  Factor  obtained  with  Harmonic  Analysis,  LRFD,  Non- 
LRFD,  and  New  Formulas  for  Interior  Girders  Ml  13  and  Bradley 
Vehicles 


Bridge  Type 

Coeffidents 

Single  Lane  Loading  I 

Harmonic 

Analysis 

New 

Formulas 

LRFD 

Formulas 

Non-LRFD 

Formulas 

All  Beam 

Mean 

0.434 

0.434 

0.378 

0.462 

C.O.V. 

0.236 

0.207 

0.205 

0.266 

Steel  Girder 

Mean 

0.394 

0.393 

0.364 

0.463 

C.O.V. 

0.143 

0.143 

0.185 

0.272 

Prestressed  Girder 

Mean 

0.467 

0.466 

0.396 

0.476 

C.O.V. 

0.238 

0.213 

0.183 

0.277 

Concrete  T-Beam 

Mean 

0.476 

0.509 

0.474 

0.566 

C.O.V. 

0.180 

0.151 

0.165 

0.178 
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[Table  19 

Mean  and  Coefficient  of  Variation  Values  for  Bending  Moment  Load 
Distribution  Factor  obtained  with  Harmonic  Anaiysis,  LRFD,  Non- 
IlRFD,  and  New  Formuias  for  Interior  Girders  All  Vehicles 

Bridge  type 

Coefficients 

Single  Lane  Loading  I 

Harmonic 

Analysis 

New 

Formulas 

LRFD 

Formulas 

Non-LRFD 

Formulas 

All  Beam 

^^ean 

0.437 

0.436 

0.383 

0.476 

C.O.V. 

0.226 

0.184 

0.182 

0.256 

Steel  Girder 

Mean 

0.390 

0.395 

0.364 

0.463 

C.O.V. 

0.142 

0.120 

0.184 

0.267 

Prestressed  Girder 

Mean 

0.470 

0.466 

0.483 

0.478 

C.O.V. 

0.235 

0.200 

0.188 

0.276 

Concrete  T-Beam 

Mean 

0.483 

0.482 

0.576 

0.569 

C.O.V. 

0.314 

0.230 

0.400 

0.365 

All  B«am 


Steel 


Prestressed  T-beam 


Bridge  Type 


Figure  85.  Comparison  of  mean  values  of  the  distribution  factors  calculated  by 
bridge  analysis,  proposed  formulas,  LRFd  and  non-LRFD  formulas 
for  PLS  and  HEMTT  vehicles,  all  bridges,  bending  moment  in  interior 
girders  for  single  lane 
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All  Beam  Steel  Prestressed  T-beam 

Bridge  Type 


Figure  86.  Comparison  of  mean  values  of  the  distribution  factors  calculated  by 
bridge  analysis,  proposed  formulas,  LRFD  and  non-LRFD  formulas 
for  NETS  vehicle,  all  bridges,  bending  moment  in  interior  girders  for 
single  lane 


Figure  87.  Comparison  of  mean  values  of  the  distribution  factors  calculated  by 
bridge  analysis,  proposed  formulas,  LRFD  and  non-LRFD  formulas 
for  Abrams  vehicle,  all  bridges,  bending  moment  in  interior  girders  for 
single  lane 
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Figure  88.  Comparison  of  mean  values  of  the  distribution  factors  calculated  by 
bridge  analysis,  proposed  formulas,  LRFD  and  non-LRFD  formulas 
for  Ml  13  and  Bradley  vehicles,  all  bridges,  bending  moment  in 
interior  girders  for  single  lane 


Figure  89.  Comparison  of  mean  values  of  the  distribution  factors  calculated  by 
bridge  analysis,  proposed  formulas,  LRFD  and  non-LRFD  formulas 
for  All  vehicles,  all  bridges,  bending  moment  in  interior  girders  for 
single  lane 
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Another  approach  to  compare  various  distribution  factor  formulas  is  to  obtain 
the  ratio  of  the  distribution  factors  calculated  by  the  formulas  to  factor  calculated 
by  the  direct  analysis.  This  was  done  earlier  in  the  previous  section  when  the 
distribution  factors  calculated  by  the  proposed  formulas  were  evaluated  vis-a-vis 
the  values  calculated  by  direct  analysis.  Tables  20  through  24  show  the  mean 
and  coefBcient  of  variation  values  of  the  distribution  factor  ratio  calculated  by 
the  proposed,  post-LRFD,  and  pre-LRFD  formulas.  The  denominator  of  these 
ratios  is  the  distribution  factor  calculated  by  the  harmonic  analysis.  A  mean 
value  close  to  1.0  with  a  small  coefficient  of  variation  implies  that  the  values 
calculated  by  the  formula  are  close  to  the  values  calculated  by  the  analysis.  The 
frequency  distribution  of  these  ratios  is  shown  by  the  histograms  shown  in 
Figures  90  through  109.  The  following  tabulation  lists  the  figure  numbers 
associated  with  each  table. 


Table  No. 

Figure  No. 

Vehicle  Type 

20 

90  through  93 

PLS  and  HEMMT 

21 

94  through  97 

NETS 

22 

98  through  101 

Abrams 

23 

102  through  105 

Ml  13  and  Bradley 

24 

106  through  109 

All  vehicles 

Each  figure  has  three  parts.  The  top  histograms  in  these  figures  are  the  same  as 
those  discussed  in  the  previous  section.  TTiey  show  the  comparison  of  the 
distribution  factor  values  calculated  by  the  proposed  formulas  with  those 
calculated  by  the  analysis.  The  middle  histogram  shows  the  comparison  of  the 
post-LRFD  values  with  the  analytical  values,  and  the  bottom  histogram  shows 
this  comparison  of  pre-LRFD  values  with  the  analytical  values.  The  mean  and 
coefficient  values  given  in  the  tables  are  also  shown  on  each  figure.  Also  shown 
on  each  histogram  is  a  coefficient,  which  is  similar  to  the  skewness  coefficient 
but  here  it  is  defined  with  respect  to  the  ratio  of  1 .0  (and  not  the  mean  value)  as 
follows: 


where  k  is  the  skewness  coefficient,  x,  is  the  i*  distribution  factor  ratio  value,  n 

is  the  number  of  bridges  analyzed,  and  <T  is  the  standard  deviation  of  the 
distribution  factor  ratio.  A  positive  value  of  this  coefficient  means  that  the 
frequency  distribution  of  the  ratio  is  skewed  to  the  right,  with  more  values  being 
higher  than  1.0.  Similarly,  a  negative  value  means  that  the  frequency  distribution 
is  skewed  to  the  left,  with  more  values  being  less  than  1 .0.  As  indicated  before, 
on  an  average  the  post-LRFD  formulas  tend  to  underestimate  and  the  pre-LRFD 
formulas  tend  to  overestimate  the  distribution  factor  values  for  the  military 
vehicles.  Also,  the  simple  pre-LRFD  formulas  show  a  larger  dispersion  in  the 
ratio;  it  implies  that  there  is  a  larger  imcertainty  associated  with  the  values 


Chapter  1 1  Proposed  Distribution  Factors 


105 


calculated  by  these  formulas.  Compared  to  the  pre-  and  post-LRFD  formulas,  the 
proposed  formulas  provide  the  distribution  factor  values  closest  to  the 
analytically  calculated  values  with  least  dispersion  and  relatively  smaller 
underestimation  of  the  factor  values. 


[Table  20 

Mean  and  Coefficient  of  Variation  Values  for  Bending  Moment  Load 
Distribution  Factor  Ratios  obtained  with  LRFD,  Non-LRFD,  and  New 
Formulas  for  Interior  Girders  PLS  and  HEMMT  Vehicies 


Bridge  Type 

Coefficients 

Single  Lane  Loading  | 

New/Harmonlc 

LRFD/Harmonlc 

Non- 

LRFD/Haimonlc 

Mi  Beam 

Mean 

1.050 

0.861 

1.083 

C.O.V. 

0.159 

0.175 

0.249 

Steei  Girder 

Mean 

0.999 

0.911 

1.157 

C.O.V. 

0.078 

0.147 

0.226 

Prestressed  Girder 

Mean 

1.023 

0.806 

0.964 

C.O.V. 

0.115 

0.118 

0.184 

Concrete  T-beam 

Mean 

1.021 

0.817 

1.006 

C.O.V. 

0.170 

0.170 

0.186 

abie  21 

/lean  and  Coefficient  of  Variation  Values  for  Bending  Moment  Load 
)istribution  Factor  Ratios  obtained  with  LRFD,  Non>LRFD,  and  New 
•ormuias  for  Interior  Girders  NETS  Vehicie 


Bridge  Type 

Coefficients 

Single  Lane  Loadint 

New/Harmonlc 

LRFD/Harmonlc 

Non- 

LRFD/Harmonlc 

Ml  Beam 

Mean 

1.004 

0.872 

1.062 

C.O.V. 

0.107 

0.107 

0.172 

Steel  Girder 

Mean 

1.002 

0.954 

1.207 

C.O.V. 

0.047 

0,088 

0.174 

Prestressed  Girder 

Mean 

1.023 

0,843 

1.001 

C.O.V. 

0.105 

0.110 

0.167 

Concrete  T-Beam 

Mean 

1.008 

0.998 

1.225 

C.O.V. 

0.063 

0.068 

0.159 
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Table  22 

Mean  and  Coeff 
Distribution  Fac 
Formulas  for  Ini 

Icient  of  Variation  Values  for  Bending  Moment  Load 
:tor  Ratios  obtained  with  LRFD,  Non-LRFD,  and  New 
terior  Girders  Abrams  Vehicle 

Bridge  Type 

Coefficients 

SInale  Lane  Loading  I 

New/Harmonlc 

LRFD/Harmonlc 

Non- 

LRFD/Harmonic 

Ml  Beam 

\1ean 

1.007 

0.954 

1.155 

C.O.V. 

0.069 

0.094 

0.124 

Steel  Girder 

Mean 

1.003 

0.975 

1.226 

C.O.V. 

0.042 

0.105 

0.172 

Prestressed  Girder 

Mean 

1.019 

0.951 

1.117 

C.O.V. 

0.091 

0.134 

0.123 

Concrete  T-Beam 

ilean 

1.015 

1.066 

1.304 

C.O.V. 

0.074 

0.073 

0.131 

Table  23 

Mean  and  Coefficient  of  Variation  Values  for  Bending  Moment  Load 
Distribution  Factor  Ratios  obtained  with  LRFD,  Non-LRFD,  and  New 


Bridge  Type 

Coefficients 

Single  Lane  Loading  I 

New/Harmonlc 

LRFD/Harmonlc 

Non- 

LRFD/Harmonic 

Ml  Beam 

Mean 

1.010 

0.881 

1.064 

C.O.V. 

0.098 

0.114 

0.148 

Steel  Girder 

Mean 

1.001 

0.921 

1.162 

C.O.V. 

0.059 

0.106 

0.185 

Prestressed  Girder 

Mean 

1.008 

0.864 

1.018 

C.O.V. 

0.102 

0.115 

0.143 

Concrete  T-beam 

Mean 

1.073 

1.004 

1.201 

C.O.V. 

0.119 

0.112 

0.148 

Table  24 

Mean  and  Coeff 
Distribution  Fac 
Formulas  for  Ini 

icient  of  Variation  Values  for  Bending  Moment  Load 
tor  Ratios  obtained  with  LRFD,  Non-LRFD,  and  New 
erior  Girders  All  Vehicles 

Bridge  Type 

Coefficients 

Single  Lane  Loading  I 

New/Harmonlc 

Non-LRFD/Harmonic 

Ml  Beam 

Mean 

1.015 

0.889 

1.105 

C.O.V. 

0.119 

0.132 

0.193 

Steel  Girder 

Mean 

1.018 

0.931 

1.177 

C.O.V. 

0.066 

0.112 

0.192 

Prestressed  Girder 

Mean 

1.006 

1.047 

1.018 

C.O.V. 

0.120 

0.126 

0.166 

Concrete  T-Beam 

Mean 

0.997 

1.206 

1.199 

C.O.V. 

0.111 

0.094 

0.170 
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Mean  =  0.999 
Coef.of  Variation  =  0.076 
NormeRzed  Moment  about  1  =  -1.87 


Ratio  of  dMrbullon  factors  calcuMad  by  propoaad  formulas  and  bridge  artalysia 


a.  New  formula 


Mean  =  0.911 
Co6f.ofVariation  =  0.147 
Normafzed  Moment  about  1  =  -2.13 


Ratio  of  dUlNitlon  facials  calcidaled  1^  proposed  formulas  and  bridge  analysle 


b.  LRFD  formula 


Mean=  1.157 
Coef.of  Variation  =  0.226 
Norrraized  Moment  about  1  =  2.32 


Ratio  of  dMriKitlon  factors  calculatad  by  proposed  formulas  and  bridge  analysle 

c.  Non-LRDF  formula 

Figure  91 .  Comparison  of  distribution  factor  ratios  calculated  by  the 
proposed  formulas,  LRFD  formulas,  and  non-LRFD 
formulas  for  PLS  and  HEMMT  vehicles,  steel  girder, 
bending  moment  in  interior  girders  for  single  lane 
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Means  1.023 
Coef.of  Variation  s  o.1 1 5 
Noimelzad  Moment  about  1 »  2.34 


Raoo  of  dwbrfcuoen  feetofa  cMcutalid  by  propoead  fonmitae  and  biMpe  analyeli 


a.  New  formula 


a.  New  formula 


b.  LRFD  formula 


c.  Non-LRDF  formula 

Figure  93.  Comparison  of  distribution  factor  ratios  calculated  by  the 

proposed  formulas,  LRFD  formulas,  and  non-LRFD  formulas 
for  PLS  and  HEMMT  vehicles,  concrete  T-beam,  bending 
moment  in  interior  girders  for  single  lane 
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a.  New  formula 


b.  LRFD  formula 


c.  Non-LRDF  formula 

Figure  95.  Comparison  of  distribution  factor  ratios  calculated  by  the 

proposed  formulas,  LRFD  formulas,  and  non-LRFD  formulas 
for  HETS  vehicles,  steel  girder,  bending  moment  in  interior 
girders  for  single  lane 
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a.  New  formula 


b.  LRFD  formula 


c.  Non-LRDF  formula 

Figure  96.  Comparison  of  distribution  factor  ratios  calculated  by  the 

proposed  formulas,  LRFD  formulas,  and  non-LRFD  formulas 
for  HETS  vehicle,  prestressed  girder,  bending  moment  in 
interior  girders  for  single  lane 
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a.  New  formula 


b.  LRFD  formula 


c.  Non-LRDF  formula 

Figure  97.  Comparison  of  distribution  factor  ratios  calculated  by  the 

proposed  formulas,  LRFD  formulas,  and  non-LRFD  formulas 
for  NETS  vehicle,  concrete  T-beam,  bending  moment  in 
interior  girders  for  single  lane 
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Rate  of  dMftHftton  fMtor*  ealcuMod  by  prepoaad  foimulM  and  brido#  analyala 


c.  Non-LRDF  formula 


Figure  98.  Comparison  of  distribution  factor  ratios  calculated  by  the 

proposed  formulas,  LRFD  formulas,  and  non-LRFD  formulas 
for  Abrams  vehicle,  all  beam  bridges,  bending  moment  in 
interior  girders  for  single  lane 
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a.  New  formula 


b.  LRFD  formula 


c.  Non-LRDF  formula 

Figure  99.  Comparison  of  distribution  factor  ratios  calculated  by  the 

proposed  formulas,  LRFD  formulas,  and  non-LRFD  formulas 
for  Abrams  vehicle,  steel  girder,  bending  moment  in  interior 
girders  for  single  lane 
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Ratio  of  (iilftititfciii  fectora  eaieuMad  by  propoaod  formulaa  aiMl  brldgo  analyali 


a.  New  formula 


c.  Non-LRDF  formula 

Figure  100.  Comparison  of  distribution  factor  ratios  calculated  by  the 
proposed  formulas,  LRFD  formulas,  and  non-LRFD 
formulas  for  Abrams  vehicle,  prestressed  girder,  bending 
moment  in  interior  girders  for  single  lane 
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a.  New  formula 


b.  LRFD  formula 


c.  Non-LRDF  formula 

Figure  101 .  Comparison  of  distribution  factor  ratios  calculated  by  the 
proposed  formulas,  LRFD  formulas,  and  non-LRFD 
formulas  for  Abrams  vehicle,  concrete  T-beam,  bending 
moment  in  interior  girders  for  single  lane 
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a.  New  formula 


b.  LRFD  formula 


c.  Non-LRDF  formula 

Figure  102.  Comparison  of  distribution  factor  ratios  calculated  by  the 
proposed  formulas,  LRFD  formulas,  and  non-LRFD 
formulas  for  Ml  13  and  Bradley  vehicles,  all  beam  bridges, 
bending  moment  in  interior  girders  for  single  lane 
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a.  New  formula 


b.  LRFD  formula 


c.  Non-LRDF  formula 

Figure  103.  Comparison  of  distribution  factor  ratios  calculated  by  the 
proposed  formulas,  LRFD  formulas,  and  non-LRFD 
formulas  for  Ml  13  and  Bradley  vehicles,  steel  girder, 
bending  moment  in  interior  girders  for  single  lane 
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Means  1.073 
Coef.of  Variation  s  o.1 1 9 
Normal^  Moment  about  1  -223 


a.  New  formula 


b.  LRFD  formula 


c.  Non-LRDF  formula 

Figure  106.  Comparison  of  distribution  factor  ratios  calculated  by  the 
proposed  formulas,  LRFD  formulas,  and  non-LRFD 
fonnulas  for  All  vehicles,  all  beam  bridges,  bending  moment 
in  interior  girders  for  single  lane 
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a.  New  formula 


b.  LRFD  formula 


c.  Non-LRDF  formula 

Figure  107.  Comparison  of  distribution  factor  ratios  calculated  by  the 
proposed  formulas,  LRFD  formulas,  and  non-LRFD 
formulas  for  All  vehicles,  steel  girder,  bending  moment  in 
interior  girders  for  single  lane 
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c.  Non-LRDF  formula 

Figure  108.  Comparison  of  distribution  factor  ratios  calculated  by  the 
proposed  formulas,  LRFD  formulas,  and  non-LRFD 
formulas  for  All  vehicles,  prestressed  girder,  bending 
moment  in  interior  girders  for  single  lane 
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a.  New  formula 


b.  LRFD  formula 


c.  Non-LRDF  formula 

Figure  109.  Comparison  of  distribution  factor  ratios  calculated  by  the 
proposed  formulas,  LRFD  formulas,  and  non-LRFD 
formulas  for  All  vehicles,  concrete  T-beam,  bending  moment 
in  interior  girders  for  single  lane 
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12  Conclusions 


This  report  describes  the  development  and  validation  of  formnlae  to  predict 
lateral  load  distribution  factors  specifically  for  key  military  vehicles.  These 
formulae  should  offer  a  vast  improvement  in  capabilities  for  load  rating  of 
bridges  for  military  usage.  The  distribution  factors  currently  used  by  the  military 
are  often  too  inaccurate  and  result  in  overly  restricted  bridge  usage  or,  worse, 
usage  of  bridges  that  are  unsafe. 

The  comparisons  of  these  new  formulae  with  detailed  analytical  data  indicate 
that  they  are,  in  fact,  considerably  more  accurate  than  those  currently  in  use. 
However,  before  these  formulae  are  adopted  by  the  military  as  doctrine, 
additional  validation  should  be  accomplished  using  onsite  load  testing.  More 
statistical  work  may  also  be  necessary  to  ensure  that  the  formulae  are  on  the 
conservative  side  a  high  percentage  of  the  time;  i.e.,  the  “reliability”  of  the 
formulae  should  be  better  understood. 
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